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ABSTRACT
In this first paper of the series we describe our project to calibrate the distance determination method
based on early-type binary systems. The final objective is to measure accurate, geometrical distances
to galaxies beyond the Magellanic Clouds with a precision of 2%. We start with the analysis of two
early-type systems for which we have collected all the required spectroscopic and photometric data.
Apart from catalog publications, these systems have not been studied yet, and it is the first time
the modeling of light and radial velocity curves is performed for them. From the analysis we obtained
precise physical parameters of the components, including the masses measured with precision of 0.6-1%
and radii with precision of 0.4-3%. For one system we determined the (V −K) color and estimated
the distance using the bolometric flux scaling method (DM=18.47±0.15 mag), which agrees well with
our accurate determination of the distance to the LMC from late-type giants. For the same system we
determined the surface brightness of individual stars using our model, and checked that it is consistent
with a recent surface brightness – color relation. We compared our results with evolution theory models
of massive stars and found they agree in general, however, models with higher overshooting values give
more consistent results. The age of the system was estimated to from 11.7 to 13.8 Myr, depending on
the model.
Keywords: binaries: eclipsing — stars: early-type — stars: fundamental parameters — Magellanic
Clouds
1. INTRODUCTION
Detached eclipsing double-lined spectroscopic binaries
offer a unique opportunity to measure directly, and very
accurately stellar parameters like mass, luminosity and
radius (e.g. Torres et al. 2010). They also provide al-
most purely geometrical distance determinations, with
only a single empirical relation needed to be calibrated
(Paczynski 1997; Kruszewski & Semeniuk 1999). The
most commonly used now is the surface-brightness –
Corresponding author: Mo´nica Taormina
taormina@camk.edu.pl
color relation (SBCR), although other options are also
possible (Paczynski 1997). A precise SBCR is available
for late-type stars (di Benedetto 2005; Pietrzynski et al.
2019), but the blue part of this relation is yet to be
improved, as currently the precision of only 8% was
achieved (Challouf et al. 2014).
A lot of binary systems were observed and analyzed
so far, giving precise parameters and distances, but they
were mostly composed of late-type main sequence stars.
However, as late-type stars are faint, such measurements
are in general limited to our Galaxy. The exception are
binaries composed of late-type giants, which are much
brighter and in principle can be observed in other galax-
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ies, but they are rare and hard to detect, because of
their very long orbital periods (several hundred days).
They were discovered in the Large and Small Magel-
lanic Clouds only because of a very long monitoring by
the Optical Gravitational Lensing Experiment (OGLE)
survey (Udalski et al. 2008).
If we want to reach larger extra-galactic distances (be-
yond the Magellanic Clouds), an alternative is to observe
binary systems composed of early (O and B)-type stars,
which are bright enough to be observed in more distant
galaxies. At the same time their orbital periods are rel-
atively short (several days), which make them easy to
discover even during a short survey.
The first to use extra-galactic early-type DEBs as
distance indicators were Guinan et al. (1998) who de-
termined the distance modulus to the Large Magel-
lanic Cloud (LMC). Later similar systems were used
to determine distances to LMC (Ribas et al. 2000;
Fitzpatrick et al. 2003), M31 (Ribas et al. 2005) and
M33 (Bonanos et al. 2006). There are, however, vari-
ous problems related to the distance measurement with
early-type systems when a precise SBCR is not available
and a multidimensional fit of many different parameters
at the same time is necessary (see Fitzpatrick et al.
2003). The differences in the distance determinations to
the LMC based on the same early-type eclipsing binary
HV 2274 (distance moduli in the range from 18.20 to
18.55mag) constitute the best example of how difficult
it is to measure the distance to an early-type eclipsing
binary with an accuracy better than about 10 % (e.g.
Guinan et al. 1998; Udalski et al. 1998; Nelson et al.
2000).
Many eclipsing binaries in galaxies beyond the Maga-
llanic Clouds (e.g. M31, M33) were already discovered
(Macri et al. 2001; Bonanos et al. 2003), of which sev-
eral are detached and bright enough to serve as good dis-
tance indicators (Macri 2004) – all of them being early
type stars. With future extragalactic surveys, many
more early-type systems will be discovered and good
quality data for fainter objects will be available with
the new generation of telescopes (for example the Large
Synoptic Survey Telescope). To be able to fully use these
data for precise distance measurements it is important to
improve the calibration of the SBCR, which is the main
direct objective of our project. Our calibration will be
based on the detached eclipsing early-type systems dis-
covered in the LMC by the OGLE project (Udalski et al.
2008; Graczyk et al. 2011), for which good photometric
data are available.
In the last two decades, different projects have moni-
tored the sky in several filters with their own particular
goal, but as a by-product they have left a big database
of observations useful for various types of astrophysical
studies. In our region of interest, i.e., the Large Magel-
lanic Clouds, there are three important sources of pho-
tometric data available, Expe´rience pour la Recherche
d’Objets Sombres (EROS – Tisserand et al. 2007), Mas-
sive Astrophysical Compact Halo Object (MACHO –
Alcock et al. 1997) and OGLE projects which provide
very good photometry spanning many years. There are
also three other surveys of the LMC in the near infrared,
Ita et al. (2004), Macri et al. (2015), and VISTA near-
infrared YJKs survey of the Magellanic Cloud (VMC
– Cioni et al. 2011), but their time and area coverage
are quite limited with only a small number of points
provided. In our study we will use all the public pho-
tometry available for each system, complemented with
new data when necessary.
We organized the paper as follows. The project is
described in section 2. In section 3 we present two of
the nine systems from our sample, the data used in this
study and the data reduction process. In section 4 we ex-
plain the steps taken to derive the fundamental param-
eters of the systems and their components. In section 5
we show full solutions for the systems and we check the
consistency of our measurements with the best available
SBCR. We also compare our results with the evolution-
ary models. The conclusions of our work are presented
in Section 6.
2. PROJECT DESCRIPTION
The main goal of our project is to use early-type
eclipsing binaries in the LMC to significantly improve
the calibration of the blue part of the surface brightness
– color relation, which currently has a scatter of 8%
(Challouf et al. 2014). When applied to other eclipsing
binaries of this type this relation will serve to accurately
and precisely measure distances to the galaxies in the
Local Group and beyond. Having reliable distances
to numerous galaxies with different environmental con-
ditions (and especially – metallicities) will be of high
importance for the calibration of other standard can-
dles, like Cepheids. This, in turn, is one of the most
important steps to calibrate the cosmic distance scale.
2.1. The sample
We selected the best systems for this purpose from
the OGLE catalog of 26121 eclipsing binaries in the
LMC (Graczyk et al. 2011). All of them have very good
quality and stable light curves with very similar eclipse
depths, and are well detached with no or little prox-
imity effects present. These properties make them the
best targets for the distance determination among the
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all known extra-galactic early-type systems. In total we
have selected nine such systems and they are all located
close to the line of nodes and the center of the LMC
galaxy. They are all short-period binaries (periods from
3 to 6 days) and are bright enough to be observed in
the LMC, which make them an optimal sample for the
purpose of this project.
2.2. The method
Although in principle distances to these LMC systems
could be measured directly, the expected precision from
such a direct measurement is not as high as for the sys-
tems composed of late-type giants. For this reason to
calibrate the SBCR we are going to use the known dis-
tance to the LMC which was measured recently with the
accuracy of about 1% (Pietrzynski et al. 2019). We will
take into account the geometry of the LMC and apply
the corresponding corrections to the expected values.
Using these distances together with the radii from the
modeling we can calculate the angular diameters of the
stars of the system. With observed magnitudes and an-
gular diameters we can calculate the surface brightness
and obtain the SBCR for early-type stars with unprece-
dented precision.
3. OBSERVATIONAL DATA
Here we start with the analysis of two systems, OGLE-
LMC-ECL-22270 (hereafter BLMC-01) and OGLE-
LMC-ECL-06782 (hereafter BLMC-02), for which we
have already acquired all the planned spectroscopic
data, which are necessary to obtain the reliable results.
These objects were never analyzed before and nothing
is known about their physical properties except a very
rough spectroscopic type determination for BLMC-01.
As all the systems in our sample, these two are rela-
tively bright (for the LMC) detached, double-lined spec-
troscopic binaries, with small proximity effects. These
characteristics make them excellent distance indicators
among extra-galactic early-type binaries analyzed so far.
They have also well-defined light curves and because of
their brightness it is possible to acquire for them spec-
troscopic data with high enough S/N.
These systems are among the most distant from the
center of LMC in our sample, yet they are still close
enough for the geometric corrections (due to the incli-
nation of the LMC disk) to be relatively small. For
example, using the geometric model of this galaxy of
van der Marel & Kallivayalil (2014; PMs+Young) we
obtain corrections: −0.030 ± 0.008 mag for BLMC-01
and 0.031± 0.009 mag for BLMC-02.
BLMC-01, is a detached eclipsing binary (DEB) sys-
tem located in the north-west (closer to us) part of the
LMC, in the 30 Doradus star-forming region (see Fig. 1),
which is known to have the highest internal extinction
levels in the LMC. The spectral type of BLMC-01 was
determined as B1 III by Muraveva et al. (2014), while
Evans et al. (2015) found that it is a double-lined spec-
troscopic binary composed of two early type stars. The
orbital period of BLMC-01 is 5.41 days and its V-band
brightness at maximum is 14.029 mag.
BLMC-02 is located on the opposite side of the galaxy
center, in its south-east part – see Fig. 1. Its orbital pe-
riod is 4.27 days and its V-band brightness at maximum
is 13.714 mag. General information about the systems
is given in Table 1.
3.1. Photometry
We have collected all the photometric data available
for the two systems up to now. For both, the most im-
portant data (in the sense of the coverage range, data
quality and the use of standard filters) come from the
OGLE project. The OGLE observations were carried
out during the third and fourth phase of this microlens-
ing survey with the 1.3-m Warsaw telescope at the Las
Campanas Observatory. In our analysis we make use of
their measurements taken in the I and V-bands of the
Johnsons-Cousins system.
For the BLMC-01 system in total we collected 821
observations in the I-band and 116 data points in the
V-band from OGLE-III and OGLE-IV, while for BLMC-
02 we collected 1004 and 187 data points for the I and
V-band, respectively.
The BLMC-01 system was also observed by the
EROS-2 survey, where its ID number is lm0031l22987.
The survey was carried out with the Marly 1-m tele-
scope at ESO, La Silla from 1996 July to 2003 February.
Observations were performed in two (blue and red) wide
passbands with central wavelengths at 490 nm (BEROS)
and 670 nm (REROS), respectively. The filters used are
not standard, and for this reason in our analysis we have
only used the REROS band which is centered close to the
IC standard band and can be transformed to Johnson-
Cousins standard system with a precision of ∼ 0.1 mag,
using the simple relation from Tisserand et al. (2007):
REROS = IC . We used 421 measurements from this sur-
vey, which allowed us to obtain a greater observational
coverage in time for the I-band light curve – in total
1242 data points spanning over 17 years for EROS-2
and OGLE data, together.
This system is also located in one of the fields of
the VMC survey, where its ID is J054047.30-692028.25.
These survey observations were taken using the VISTA
4.1-meter telescope located at the Paranal Observatory
in Chile during one of the ESO Public Surveys. In
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Table 1. General information from the literature.
Our ID OGLE ID
Coordinates Orbital Period Brightness Color
α2000 δ2000 [days] I V (V − I)
BLMC-01 OGLE-LMC-ECL-22270 05:40:47.31 -69:20:28.3 5.414011 14.022 14.029 0.007
BLMC-02 OGLE-LMC-ECL-06782 05:04:59.05 -70:31:13.9 4.270776 13.913 13.714 -0.199
Figure 1. Position of the OGLE-LMC-ECL-22270 (BLMC-01) and OGLE-LMC-ECL-06782 (BLMC-02) systems in the sky.
The center of LMC (from the model of van der Marel & Kallivayalil 2014) is marked with a cross.
the photometric catalog of the VMC survey there are
14 measurements in the KS band. Fortunately both
eclipses were covered and we could use these observa-
tions in the light curve modeling.
Unfortunately BLMC-02 was not observed by the
EROS and VMC projects, but additional observations
from the MACHO survey are available. MACHO ob-
servations were carried out with the 1.27-meter tele-
scope at Mount Stromlo Observatory, Australia, in two
photometric bands (red and blue), which can be trans-
formed to the standard RC an VJ bands using relations
from Faccioli et al. (2007) with the accuracy of 0.035
mag (Alcock et al. 1999). The star ID in the MACHO
database is 23.3908.17.
In Table 2 for both systems we show the numbers of
the measurements for all the surveys described above
and in Fig. 2 and 3 we present a graphical summary of
all the photometric data used in the analysis.
3.2. Spectroscopy
Although our systems are relatively bright for objects
located in the LMC, they are still not easy targets for
spectroscopic observations and one needs world’s best
telescopes to obtain good quality data with reasonable
exposure times. We have carried out such observations
at two sites in Chile.
The majority of our high-resolution optical spectra
were acquired with the Very Large Telescope (VLT) and
the Ultraviolet and Visual Echelle Spectrograph (UVES
– Dekker et al. 2000) mounted at the Nasmyth B focus
of UT2 Kueyen at Paranal Observatory. Observations
were taken with the UVES standard configuration DIC1
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Table 2. Photometric data
Our ID
OGLE-III OGLE-IV EROS-2 MACHO VMC
I V I V Reros R V Ks
BLMC-01 437 384 45 71 421 — — 14
BLMC-02 412 592 39 148 — 196 201 —
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Figure 2. All the photometric data collected for BLMC-01.
In the upper panel we show the V-band photometry from the
OGLE3 (circles) and OGLE4 (stars), in the middle panel the
I-band data from EROS-2 (crosses), OGLE3 and OGLE4.
In the bottom panel the K-band measurements from VMC
(squares) are presented.
390+564 which provided a coverage of two wavelength
ranges 3260-4520 A˚ and 4580-6690 A˚. We used a slit of
0.7 arcsec for the red part and 0.9 arcsec for the blue
part of the spectra, obtaining a spectral resolution of R
∼ 50000. The exposure times per spectrum ranged from
20 to 30 minutes.
Additional spectra were obtained with the red and
blue arms of the MIKE spectrograph (Bernstein et al.
2003) on the 6.5m Magellan Clay Telescope at the Las
Campanas Observatory. All the observations were taken
with a 0.7 arcsec slit at a resolution of about 40000 for
the red side and about 50000 for the blue side. The
spectra were taken with the integration times from 10
to 30 minutes.
A total of fourteen high-resolution spectra (10 UVES
+ 4 MIKE) were obtained for BLMC-01 system and
twelve (8 UVES + 4 MIKE) for BLMC-02. Typical
signal to noise ratios near 4000 A˚ are about 50-60 for
UVES spectra and about 30-40 for the MIKE spectra.
For the reduction of the UVES spectroscopic data
we used UVES Workflow version 5.8.2 running in the
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Figure 3. All the photometric data collected for BLMC-
02. In the upper panel we show the V-band photometry
from the OGLE3 (circles), OGLE4 (stars) and MACHO (×
symbols), and in the middle panel the MACHO R-band data.
In the bottom panel the I-band photometry from OGLE3 and
OGLE4 are presented.
ESO Reflex environment version 2.8.5 (Freudling et al.
2013). This pipeline automatically follows the basic
reduction echelle steps and returns the extracted one-
dimensional spectrum (blue and red parts). MIKE data
were reduced using Daniel Kelson’s pipeline available at
the Carnegie Observatories software Repository1.
4. ANALYSIS
The final modeling of the presented systems is
done using the Wilson-Devinney code (hereafter WD,
Wilson & Devinney 1971, Van Hamme & Wilson 2007)
with the PHOEBE graphical interface (Prsˇa & Zwitter
2005). The WD code is widely used and very well-
tested. It is also the best tool for the modeling of
non-spherical stars, i.e., stars that are close enough that
tidal forces are deforming the shape of the stars and/or
those affected by fast rotation. It comes at a cost how-
1 http://code.obs.carnegiescience.edu/
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ever – this code is very slow, especially for eccentric
systems.
Both systems analyzed here are eccentric and for both
of them the apsidal motion was detected. For this rea-
son we decided to first derive approximate parameters
using faster and less accurate tools and then use these
results as initial parameters for the WD code to improve
the solution. We started with the derivation of the or-
bital parameters using the RaveSpan (Radial Velocity
and Spectrum Analyzer) code presented in Pilecki et al.
(2017) (see also: Pilecki et al. 2018), and then we ob-
tained the preliminary light curve models using a mod-
ified version of JKTEBOP code (Southworth et al. 2007),
which allowed us also to estimate the apsidal motion.
Then the final modeling of the light and radial velocity
curves was performed, followed by the determination of
extinction and temperature. Eventually, the absolute
parameters were determined.
4.1. Derivation of orbital parameters
To obtain the orbital solution, first radial velocities
have to be determined. For that we used the RaveSpan
code which is a user-friendly graphical Python applica-
tion that allows extracting velocities of the components
using such methods as cross-correlation function (CCF),
TODCOR, and Broadening Function (BF). We applied
the BF technique (Rucinski 1999) because it gives nar-
rower and stronger profiles than the commonly used
CCF, which is very important for early-type stars with
strong rotational broadening. As spectrum templates
we used spectra of standard stars from the ESO Data
Archive. For each system we have selected various tem-
plates with the spectral type similar to that estimated
for the components. The radial velocity measurements
for BLMC-01 are shown in Fig. 4 and for BLMC-02 in
Fig. 5.
The next step was to fit the obtained radial veloc-
ity curves (RVC). In the model we took into account
the following orbital elements of the spectroscopic bi-
nary: P (the orbital period), KA and KB (the orbital
semi-amplitudes), γ (the velocity of the center-of-mass
of the system), T0 (the reference time), e (the orbital
eccentricity) and ω (the argument of periastron passage
of the primary). Assuming the Keplerian motion of the
point-like sources the radial velocities of the components
depend on these parameters in a following way:
vi = γ +Ki e cosw +Ki e cos(ν + w),
where ν is the true anomaly. We fitted this relation to
the observed RVC of each component of the system and
obtained the preliminary orbital solution.
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Figure 4. The orbital solution from the WD code and the
radial velocity measurements from Ravespan for BLMC-01.
Filled circles – primary component, open circles – secondary
component. Residuals are shown in the upper panel. The
orbital RVs presented here are available as the data behind
the figure.
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Figure 5. The orbital solution and the radial velocity mea-
surements for BLMC-02. The same symbols as in Fig. 4 are
used. The orbital RVs shown here are available as the data
behind the figure.
The minimum masses of the components (expressed
in the solar mass units) can be calculated as follows:
mA,B sin
3i = 1.036×10−7(KA+KB)
2KB,A P (1−e
2)3/2,
where i is the orbital inclination and P and Ki are ex-
pressed in days and km/s, respectively. Because sin3i ≤
1, what we can measure here is just the minimum mass.
The mass ratio is inversely proportional to the ratio of
the semi-amplitudes, i.e. q = mB/mA = KA/KB, and is
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independent of inclination. The orbital parameters from
this analysis for both systems are presented in Table 3.
Early-type stars are known for their fast rotation,
which is responsible for the strong broadening of the
absorption lines in the spectra. In the broadening func-
tion method, that we used for the radial velocity deter-
mination, the rotation velocity of the components is also
measured. We have determined these values for various
spectra taken close to the orbital quadratures, where
the profiles are well separated, and measured the aver-
age (projected) rotation velocity of each component of
the system (v1,2 sin i). They are given in Table 3.
4.2. Preliminary light curve model
We performed a preliminary light curve modeling of
the system using a Python wrapper for the JKTEBOP code
(Southworth et al. 2007), which is based on the EBOP
code (Popper & Etzel 1981). In JKTEBOP the stars are
represented as biaxial spheroids but the spherical ap-
proximation is used for the calculation of the light lost
during the eclipse. Using our wrapper the determination
of apsidal motion is also possible with this code.
Because of small deformations present in the light
curve that come from the tidal distortions of the compo-
nents, JKTEBOP could be used only to obtain a first model
approximation. It is however extremely fast when com-
pared to the WD code that we use later to improve the
binary models, especially for eccentric systems. It let us
scan relatively quickly a large parameter space and look
for a solution that corresponds to a global minimum. A
common problem in using differential corrections imple-
mented in the WD code is that the solutions tend to stack
at any local minimum that is first found.
We modeled all the photometric data sets simultane-
ously, which in case of BLMC-01 are I, V and K bands,
and in case of BLMC-02 – I, V and R. All the pho-
tometric datasets were first detrended and cleaned of
significantly (higher than 5-sigma) outlying points.
In the model we fitted: the orbital period, the refer-
ence time, the eccentricity and argument of periastron
of the primary represented in the code as e sinω and
e cosω, relative stellar radii, the inclination, and the sur-
face brightness ratio and third light in each band. In this
model the component temperature is only used to cal-
culate the limb darkening coefficients. At the beginning
the temperature was estimated from the dereddened sys-
tem color (see Section 4.5), and later updated according
to the color of the components once a stable solution
was found.
To find the best model we started from a scan of a
wide parameter space containing all possible solutions
for this type of binaries. Then we used the Markov
Chain Monte Carlo (MCMC) method starting from all
the local minima found, looking for a solution with the
lowest χ2 value.
After the closer examination of the light curves resid-
uals we found an evidence of the apsidal motion and
also added the change of the position of the periastron
(ω˙) to the list of fitted parameters. We repeated the
modeling with the apsidal motion taken into account.
The best solution from this analysis was then used as a
starting point for the final analysis with a more complex
modeling.
4.3. Apsidal motion
In the analysis of variable stars and in the modeling of
the binary systems in particular, it is very important to
have a long baseline, which improves the determination
of the period and let us also study additional secular ef-
fects. In our case we have almost 20-year long coverage,
which for orbital periods of 4-5 days, can give a very
high precision in the determination of the time-related
parameters, like period and times of minima. This in
turn let us detect and measure the precession of the
line of apsides, which is a very common phenomena in
massive binary systems (Garcia et al. 2014; Pablo et al.
2015; Rauw et al. 2016; Zasche & Wolf 2019).
Because of low eccentricity the effect for BLMC-01
could be barely noticed looking at a light curve from one
data set, although the timespan of the observation was
long (7.5 years in case of OGLE-III). During the analysis
of the light curves we have noticed however that in data
sets from different surveys the position of eclipses was
slightly different. We have identified this change as an
evidence of apsidal motion in this system. The apsidal
motion of BLMC-02, which is more eccentric, is much
stronger and affects significantly the eclipses positions
even within the time span of one dataset.
We have used a very simple method to measure this
effect in the JKTEBOP code. We have added just one pa-
rameter to the model, a derivative of the longitude of
periastron (ω˙), which is used to calculate a constant ω
for every light curve. Then for every survey we have
calculated an average time of observation < Ti >. The
longitude of periastron for given light curve is then cal-
culated as:
ω = ω0 + ω˙ × (< Ti > −T0),
where ω0 = ω(T0).
As a result, we have a model for each light curve that
shares all but one parameter, with the only difference
of ω, which influences the position of the eclipses. This
way we obtain just one solution that fits well all the light
curves without the need of fitting different models for
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Table 3. Orbital parameters and rotation from the Ravespan code.
BLMC-01 BLMC-02
Parameter Primary Secondary Primary Secondary
orbital period, P [days] 5.4139927 4.2707640
eccentricity, e 0.016 ± 0.005 0.078 ± 0.004
argument of periastron, ω [rad] 6.0 ± 0.3 1.61 ± 0.07
m sin3 i [M⊙] 12.38 ± 0.16 13.50 ± 0.24 19.40 ± 0.14 18.86 ± 0.14
Orbital semiamplitud, K [km s−1] 187.1 ± 1.5 171.6 ± 0.8 218.7 ± 0.7 224.9 ± 0.7
a sin i [R⊙] 20.03 ± 0.16 18.40 ± 0.09 18.41 ± 0.06 18.93 ± 0.07
systemic velocity, γ [km s−1] 250.9 ± 0.6 239.6 ± 0.4
mass ratio, q = m2/m1 1.091 ± 0.010 0.972 ± 0.004
vrot sin i [km s
−1] 128 ± 5 115 ± 3 108 ± 3 105 ± 3
rms [km s−1] 3.91 1.49 1.39 2.02
Note— Formal errors from the fitting procedure are given. Orbital periods were fixed at photometric values. Argument of
periastron for a mean epoch of spectroscopic observations of a system is given.
different epochs and then averaging them. The values
of ω0 and ω˙ from the best model were used as input
values for the WD model. The final values of the apsidal
motion for each system are given in the next section.
4.4. Final modeling of light and radial velocity curves
For BLMC-01 the apsidal motion is weak, but the
proximity effects (deformation of the stars) are signif-
icant; for BLMC-02 we have an opposite situation –
strong apsidal motion and practically insignificant prox-
imity effects. Because neither of these phenomena are
natively included in the JKTEBOP we decided to model
these systems using the widely-used and well-tested WD
code, which takes these effects into account.
This code works much slower, especially in case of ec-
centric systems, which makes it very important to have
an approximate solution and a well studied parameter
space to avoid the traps of local minima in the model-
ing process. Our solution from the JKTEBOP code meets
these conditions. As initial input parameters for the WD
code we have used the parameters of the model with the
lowest global χ2 found during the Monte Carlo analysis
using the JKTEBOP code.
We modeled photometric and spectroscopic data si-
multaneously, so this time the model included more pa-
rameters: the orbital period (P), the reference time (T0),
the semi-major axis (a), the mass ratio (q), the systemic
velocity (γ), the eccentricity (e) and argument of peri-
astron of the primary (hotter) component (ω), the first
derivative of the argument of periastron (ω˙), the inclina-
tion (i), surface potentials (Ω1 and Ω2), the third light
(l3) and the temperature of a less luminous component
(Teff,i). The temperature of a more luminous compo-
nent was estimated from its dereddened (preferentially
V-K) color using a transformation of Worthey & Lee
(2011). At the beginning the color from the preliminary
solution was used. Later it was being updated according
to the most recent solution if the change was higher than
∼ 20% of the estimated error. Please also note that the
used color–temperature transformation was obtained for
solar metallicity stars, while the metallicity of the LMC
is about half the solar.
To look for the solution, we first used the differential
correction method implemented in the code, which we
repeated until the convergence was obtained. Then we
ran a Monte Carlo simulation, calculating about 50000
models to find the χ2 minimum and estimate the errors
in a reliable way. Eventually, we took the model with
the lowest χ2 value as the final solution.
The final light curve models for BLMC-01 and BLMC-
02 are shown in Fig. 6 and Fig. 7, respectively. It is
not easy to present the light curve for a binary system
with non-zero apsidal motion. To solve this problem we
corrected the observational data for ω˙ from the model
(black points) and plotted the model light curve for a
fixed epoch (T0). The correction was performed by ap-
plying to every measured magnitude a shift between the
model magnitude at T0 and the model magnitude at the
time of observation.
To demonstrate the effect of apsidal motion on the
light curve, in Fig. 8 we show the same model and data
but without applying the correction. The difference is
especially noticeable at eclipses, where the observations
are shifted to the left or right of the model, in the op-
posite direction for the primary and secondary eclipses.
In the bottom panel of the figure (residuals) one can see
the effect is very significant. For BLMC-01 the effect
is much weaker, but also visible and detected with high
confidence (9-σ detection) using all sets of data. The
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Figure 6. Wilson-Devinney model of the I, V and K-band
light curves for BLMC-01. Red line – a model with ω fixed
at the reference time for the system. Black points – data
corrected for apsidal motion. In the bottom panels I-band
residual light curve is shown.
full apsidal motion cycle takes 144 years for BLMC-01
and 118.7 years for BLMC-02.
For BLMC-01 we have detected a negligible third light
in the OGLE I-band light curve (< 0.5%) and a very
small negative third light in the OGLE V-band (∼ 1%),
which may result from the uncertainties in the flux cal-
ibration process. Only the EROS light curve was sig-
nificantly affected, with the additional flux of the level
of almost 6%. The additional/missing flux was taken
into account in calculating the components magnitudes
in each band. Because of low number of points, the
third light for K-band light curve was not fitted. For
BLMC-02 no third light was detected in any band.
The best fits to the radial velocity curves from the WD
code for the BLMC-01 and BLMC-02 systems are shown
in Fig. 4 and Fig. 5, respectively.
4.5. Extinction
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Figure 7. Wilson-Devinney model of the I, V and K-band
light curves for BLMC-02. For description see Fig. 6.
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Figure 8. Same as Fig. 7, but without taking into account
the apsidal motion.
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The extinction in the direction of our system was es-
timated in two independent ways. First, we used the
reddening map for the Magellanic Clouds obtained from
the analysis of red clump stars (Haschke et al. 2011).
We calculated the color excess using the equation:
E(B − V ) =
E(V − I)
1.3
+ 0.04 mag,
where E(V − I) is the color excess from the redden-
ing map and the denominator of 1.3 is adopted from
Bessell et al. (1998). As the zero-point of this map is
not well-defined to obtain absolute values of E(B − V )
we used a shift of 0.04 mag, which results from the deter-
mination of the reddening-free mean Red Clump color
(V − I)RC
0
given by Pawlak (2016).
We obtained the reddening towards BLMC-01 E(B−
V ) = 0.198±0.029 mag, which is higher than an average
for LMC, but it was expected as the object is located
in the 30 Dor region. The reddening to the BLMC-02
system was estimated in the same way to be 0.077±0.023
mag.
The second method used to estimate the reddening
was measuring the equivalent widths of Na I sodium
doublet lines (around 5893 A˚) and using the calibration
of Munari & Zwitter (1997). This method works well
for early-type stars because virtually no other lines are
present in the vicinity, making the measurement more
robust compared to late-type stars with many metal
lines. Nevertheless the sodium line profiles can be quite
complex, as different components with different wave-
length shifts may contribute to their overall shape.
To estimate the contribution of each component we
fitted multiple Gaussians to the Na I profiles. The fit was
performed simultaneously to several best quality spectra
from different orbital phases. The final value of E(B-V)
was then calculated as a sum of reddenings of individual
components.
In Fig. 9 and Fig. 10 we show the spectra in the region
of the Na I lines and the profile fits for each system.
As can be seen, stellar lines (that should vary with the
orbital phase) are not present in this region. In the
case of BLMC-01 there are two main Na I components
related to the Galaxy and a complex structure of four
components related to the LMC, where one component
of D1 is mixed with the Galactic components of the D2
line. In case of BLMC-02, which is positioned on the
other side of the LMC and farther from the center, there
is only one weak component related to that galaxy and
the majority of the extinction comes from the Milky
Way (MW).
Using the method described above we determined the
reddening E(B-V) of 0.187 ± 0.031 mag for BLMC-01
and 0.088± 0.019 mag for BLMC-02, which are consis-
tent with the values obtained from the reddening map.
Eventually we used the average of both determinations
as final values, i.e., E(B-V) of 0.193 ± 0.021 mag for
BLMC-01 and 0.082 ± 0.015 mag for BLMC-02. We
then used these values to deredden all the colors and to
calculate absorption (Aλ) in each band using the stan-
dard reddening law relations from Cardelli et al. (1989)
and the ratio of total-to-selective extinction RV = 3.1.
For the BLMC-02 system, the temperature estimated
from the dereddened (V-I) color is, however, very low (∼
22000) which is not consistent with the observed spec-
tral line features. Moreover, it also leads to an unreal-
istically short distance to the LMC. The problem may
partly come from the uncertain T − (V − I) calibration
(Worthey & Lee 2011), which is not well defined for hot
stars, or with the calibration of the photometry, as a dif-
ference of 0.03 mag in V − I color translates to a differ-
ence of about 4000 K. We also cannot exclude, that for
some reason the reddening determinations for BLMC-
02 are wrong, although two independent methods gave
a similar result.
For BLMC-01 we obtain a good consistency be-
tween the temperature from the dereddened V-K color
(Worthey & Lee 2011) and the observed spectral fea-
tures. The determined value of E(B-V) also leads to
a distance to LMC consistent with the accurate value
obtained by Pietrzynski et al. (2019).
We checked that for BLMC-02 to obtain a consis-
tent distance (DM ∼ 18.5 mag) and spectral type (O-
type) and assuming our reddening estimation is correct,
the temperature of the stars should be around 34000-
35000 K. If we, however, assume that the photometry
and temperature-color calibration are correct, to obtain
a consistent distance we would need the reddening of
E(B − V ) = 0.18 mag, which would imply a temper-
ature of about 42000 K. Such high values are rather
excluded, so for the moment we accept the first option
as the more probable one. In the final modeling we used
T1 = 35000 K as the temperature of the primary (e.g.
for calculation of the limb darkening coefficients).
In the future we plan to determine the temperature
and E(B-V) for BLMC-02 directly from the spectra.
This detailed spectral analysis will be published in a
follow-up paper.
5. RESULTS
In the previous section we showed how the orbital so-
lutions and the light curve models for our systems were
obtained and also how the reddening toward the systems
was estimated. Using all this information we derived the
physical parameters of the components. They are pre-
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Figure 9. Absorption lines of the sodium doublet and a multi-gaussian fit for BLMC-01. Red line shows a fit to the Na D1
line only and the blue one to the Na D1 and D2 lines together. Multiple components in the Galaxy (∼ 5890 A˚) and in the LMC
(5895 A˚) were detected. Note that at 5896.4 A˚ LMC D1 component is superimposed on the MW D2 component. No other
significant line is present in the spectra.
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Figure 10. Same as Fig. 10, but Na D1 and D2 lines for BLMC-02 are shown. The LMC component at 5894 A˚ is much weaker
than for BLMC-02 and the overall structure is much simpler.
sented in Table 4. For both systems hotter components
were chosen as primaries, but in case of BLMC-02 the
primary is also the more massive one. Hotter compo-
nents were chosen according to the surface brightness
ratios (j21). Values of j21 in the V-band are included in
the table.
As the stars are slightly deformed, the radii of the
stars given in the table correspond to radii of spheres
that have the same volume as the stars. As a measure
of oblateness a value (Rmax −Rmin)/Rmax is given. To
help understanding the configuration, a ratio of polar
star radius to polar Roche lobe radius (Rp/Rp,Roche) is
also included. In Fig. 11 we show the shape of the pri-
mary and secondary components of the BLMC-01 sys-
tem as seen from the side (i.e. at quadrature and for
i = 90◦) and the temperature distribution over the pro-
jected surface.
We would like to point out that for partially eclipsing
detached systems the sum of the radii is well defined, but
different combinations of individual radii may give solu-
tions that are similarly probably. This anti-correlation
between the radii may significantly increase the uncer-
tainty of their determination, as in the case of BLMC-
02. The proximity effects however, are known to break
this degeneracy, as they are a strong function of the star
radius (relative to the components separation). Indeed,
the deformation of the BLMC-01 secondary helped in an
unambiguous determination of the radii of the compo-
nents. This can be well seen comparing the uncertainties
for both systems for which the data are of similar qual-
ity.
To calculate final rotational velocities (vrot) from
v sin i we assumed that the rotational axes are parallel
to the orbital axis.
In our calculations and presentation of the results
we make use of the nominal solar constants follow-
ing the IAU 2015 Resolution B3 (Mamajek et al. 2015;
Prsˇa et al. 2016).
5.1. Rotation
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Figure 11. Surface temperature distribution and the shape of the primary (left) and secondary (right) components of the
BLMC-01 system as seen from the side. The same scale is used in both panels. Polar and maximum (towards the mass center)
radii are shown.
Table 4. Physical parameters and other properties of the systems
BLMC-01 BLMC-02
Parameter Primary Secondary Primary Secondary
mass [M⊙] 13.21 ± 0.08 14.44 ± 0.14 19.62 ± 0.19 19.05 ± 0.14
radius [R⊙] 8.48 ± 0.10 12.95 ± 0.05 8.89 ± 0.19 7.92 ± 0.23
log g [cgs] 3.702 ± 0.010 3.374 ± 0.003 3.832 ± 0.018 3.920 ± 0.025
temperature [K] 26100 ± 1600 23750 ± 1300 —– —–
logL [L⊙] 4.478 ± 0.010 4.681 ± 0.003 —– —–
Mbol [mag] -6.456 ± 0.024 -6.962 ± 0.008 —– —–
BCV [mag] -2.6 ± 0.19 -2.37 ± 0.17 —– —–
j21,V 0.856 ± 0.002 0.985 ± 0.005
V [mag] 15.22 ± 0.02 14.47 ± 0.01 14.34 ± 0.05 14.61 ± 0.06
R [mag] —– —– 14.39 ± 0.05 14.66 ± 0.06
(V-IC) [mag] -0.02 ± 0.03 0.00 ± 0.02 -0.2 ± 0.07 -0.2 ± 0.09
(V-K) [mag] -0.19 ± 0.03 -0.13 ± 0.02 —– —–
vrot [km/s] 130 ± 5 117 ± 3 108 ± 3 106 ± 3
oblateness 0.05 0.11 0.04 0.04
Rp/Rp,Roche 0.68 0.88 0.68 0.65
E(B-V) [mag] 0.193 ± 0.021 0.082 ± 0.015
orbital period [days] 5.4139927 ± 1.0e-06 4.2707640 ± 3.3e-07
semi-major axis [R⊙] 39.23 ± 0.10 37.46 ± 0.11
inclination 80.54 ± 0.16 86.19 ± 0.3
eccentricity 0.0151 ± 0.0007 0.0809 ± 0.0008
ω [rad] 5.41 ± 0.05 0.995 ± 0.009
ω˙ [rad/d] 0.00012 ± 1.3e-05 0.000145 ± 2.7e-06
Note— Color indices and passband magnitudes are observed (reddened) values.
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During the binary evolution due to the mutual tidal
influence the orbits of the components are slowly cir-
cularized and their rotational velocities synchronized.
Knowing the physical properties of the stars we can com-
pare the rotational angular velocity of components with
the synchronous (Ωsync) and pseudo-synchronous angu-
lar velocity (Ωps) for each system, to check whether they
are synchronized or not.
We obtain Ωsync = 1.161 radian per day for BLMC-01
and Ωsync = 1.471 d
−1 for BLMC-02, while using equa-
tions from Hut (1981) we obtain Ωps = 1.162 d
−1 and
Ωps = 1.529 d
−1 for BLMC-01 and BLMC-02, respec-
tively.
Using radii of the stars from our models we can cal-
culate the angular rotational velocity of the compo-
nents of BLMC-01: 1.91± 0.07 d−1 and 1.12± 0.03 d−1,
which means that the primary is still rotating super-
synchronously, while the secondary is already synchro-
nized, probably because of its larger radius resulting
from its more advanced evolutionary state (it is more
massive than the primary).
For BLMC-02 the angular velocities of the compo-
nents are 1.51±0.04 d−1 and 1.66±0.05 d−1. This means
that the larger and more massive primary is already ro-
tating synchronously, while the smaller secondary has
not yet synchronized its rotation.
5.2. Distances
Here we will present two approaches for the determi-
nation of the distance to a system in the LMC. One
is a direct measurement using the bolometric flux scal-
ing method, and the other one, where the distance is
inferred from the assumed LMC distance.
In the first one a distance modulus (DM) is calculated
using the absolute V-band magnitude of a system (MV )
and the observed magnitude corrected for extinction de-
termined in Section 4.5 (V0 = Vobs −AV ) using the for-
mula: DM = V0 −MV . The value of MV is calculated
using the derived physical parameters of the components
and applying a bolometric correction (BCV ) as obtained
for the observed colors and surface gravities from the cal-
ibration of Worthey & Lee (2011): MV =Mbol −BCV .
The final equation is:
DMbol = Vobs −Mbol +BCV −AV
Following this procedure for BLMC-01 we obtain a
distance modulus DMbol = 18.47± 0.15 mag.
For BLMC-02, using the measured reddening and
transforming the resulting (V-I) color to temperature,
we would obtain a distance modulus about 17.5 mag,
which is clearly wrong for a system that is expected to
belong to the LMC. As described before, to obtain a
consistent distance and using the measured reddening,
a temperature of the primary around 34000-35000 K is
needed.
An alternative way to reliably estimate the distance to
both systems is to use the known distance to the LMC
and apply the geometrical correction for the position
of the system in the plane of the LMC (see Section 3)
We used the LMC distance (DMLMC) determined from
the analysis of binary systems composed of late-type
giants by Pietrzynski et al. 2019) and applied the geo-
metrical correction (GC) based on the ”PMs+Young”
LMC model of van der Marel & Kallivayalil (2014):
DMgc = DMLMC +GC
Using this method we determined the expected distance
moduli (DMgc) to the systems to be 18.45 ± 0.04mag for
BLMC-01, and 18.51 ± 0.04mag for BLMC-02. To ac-
count for the depth of the LMC, the quoted uncertainties
include both the total error of the LMC distance (0.028
mag), and the scatter of 20 individual distance measure-
ments (0.026 mag) used by Pietrzynski et al. (2019). For
BLMC-01, this distance is consistent within errors with
the distance modulus determined with the first method
(DMbol).
5.3. Surface Brightness – Color relation
To compare our results with the existing surface-
brightness – color relations we need (V-K) color and
the surface brightness in V-band (SV ). As already men-
tioned, for BLMC-01 the K-band light curve is available
covering both eclipses. From the light curve solution,
the individual K-band magnitudes of each component
were derived and then their infrared (V-K) colors were
calculated. Knowing the distance to this system, we can
also calculate SV of the components. To do this we used
the distance modulus DMgc, which provides much better
precision than the DM determined using the bolometric
flux scaling method. In the future we are going to use
the same methodology for the whole sample. The follow-
ing equations were used to obtain the surface brightness:
θ[mas] = 1.337× 10−5 ×R[km]/D[pc]
SV = m0 + 5 log θ[mas]
In Fig. 12 we show the comparison of our measure-
ments for the components of the BLMC-01 system with
the SBCR of Challouf et al. (2014). Solid line is the fit
of the relation for stars of all spectral types (blue points)
given in Eq. 10 by these authors. Our measurements are
consistent with their results. Once we have similar data
for all 18 components of 9 systems from the sample, we
will be able to improve the calibration of the blue part
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Figure 12. Surface brightness - (V-K)–color relation. In-
terferometric measurements (blue points) and the fit (solid
line) come from Challouf et al. (2014). Red points are com-
ponents of BLMC-01 with errors corresponding to the un-
certainty of the reddening estimation.
of this relation, which now suffers from a lack of precise
measurements.
5.4. Evolutionary status
The evolution of early-type stars is still not well under-
stood and a discrepancy between the observations and
models are often found. One example is the mass dis-
crepancy problem. It was first noticed by Herrero et al.
(1992), where the evolutionary masses were system-
atically higher than the ones determined with spec-
troscopy, and is still being raised by other authors (e.g.
Pavlovski et al. 2018). There are also not many systems
composed of early-type components for which accurate
physical parameters are known. This makes a proper
calibration of theoretical models harder for this type of
stars.
In this study we have obtained precise and accurate
physical parameters for the components of the BLMC-01
system. Below we will test how well our measurements
are described by modern evolutionary models.
First we compared our results with the evolutionary
tracks of Choi et al. (2016). We used a set models for the
LMC metallicity and masses from 13 to 16M⊙ and also
two interpolated tracks for the masses of our components
(see Fig. 13). All these models were calculated with
the overshooting value of fov,core = 0.016, which is an
equivalent of α = 0.2 in the step overshooting scheme.
The tracks are consistent within the errors with our
results, but there are few points that have to be noted.
First, these models suggest that the secondary has al-
ready left the main sequence, which would be interesting
but because of the fast phase of evolution, would be a
rare coincidence and would have to be confirmed inde-
pendently. Second, the uncertainty of the temperature
determination is high but strongly correlated between
the two components so any shift would move both sys-
tems in the same direction in the HR diagram. If we
adjust the temperature of the secondary for it to lie ex-
actly on the track, the primary would be overluminous,
and if we do the same for the primary, the secondary
would be underluminous. The age of the system in this
model is 13.8 million years.
To check the dependence on the model and the as-
sumed parameters, we also used the grid of evolutionary
tracks of Brott et al. (2011). This grid covers masses
from 5 to 60 M⊙ and were calculated for three differ-
ent metallicities (MW, LMC, and the Small Magellanic
Cloud) and a wide range of surface rotation velocities
(0-400 km/s). For all models the same overshooting
was used (α = 0.335). We chose models with the LMC
metallicity, initial velocity of ∼140 km/s, and interpo-
lated them to a given mass when necessary.
As can be seen in Fig. 14 our results are consis-
tent with these evolutionary models and in this case
the secondary is still on the main sequence, which is
a more likely scenario. This is probably the effect of
higher overshooting, which extends the main sequence
towards lower temperatures. Contrary to the models of
Choi et al. (2016) both components lie close to their cor-
responding evolutionary tracks and at roughly the same
distance from them. The model rotational velocities of
the components are also consistent with our measure-
ments. In general we find the models of Brott et al.
(2011) to describe better our data, which points to
higher overshooting values for early-type stars. The age
of the system in this model is 11.7 million years.
Both presented grids were calculated for single star
evolution, which should work reasonably well for our sys-
tem. The stars are still small enough not to interact di-
rectly with each other, although the interaction through
tidal forces has probably taken place – the larger compo-
nents have already synchronized their rotation and or-
bital velocities. However, as the stars started their evo-
lution on the main sequence being much smaller than
they are now, for a significant part of their life tidal
forces were negligible.
6. SUMMARY
Accurate physical parameters for early-type stars are
still lacking, and the analysis of such stars in binary
systems provide a very good means for the study of their
properties and evolution.
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Figure 13. HR diagram with the position of the components
of BLMC-01 on a grid of evolutionary tracks of Choi et al.
(2016) for masses 13 to 16 M⊙ (thin gray lines). Two inter-
polated tracks for the masses of the primary and secondary
are shown in color (thick lines). All tracks start at zero-age
main sequence. Error ellipses are shown for the components.
Figure 14. Similar to Fig. 13, but interpolated evolutionary
tracks from Brott et al. (2011) are shown. Rotation velocity
of the components along the evolutionary tracks is color-
coded.
In our project we have selected for observations and
analysis 9 early-type well-detached, SB2, eclipsing bi-
nary systems in the Large Magellanic Cloud and here
we present the results for first two of them. Except for
a rough determination of the spectral type neither of
them was analyzed so far and their physical properties
were not known before.
Using the high-quality data that we have acquired for
these systems, we could measure their parameters with
unprecedented accuracy and precision. For the masses
it is: 0.6− 1%, and for the radii: 0.4− 3% depending on
the component. The determined masses are from 13 to
20M⊙ and the radii from 8 to 13 R⊙, which means that
the stars are now in the middle or at the end of their
main-sequence evolution.
Le Bouquin et al. (2017) reported problems with the
radial velocity semi-amplitudes determined for massive
stars, which could lead to erroneous masses of the com-
ponents. They however used a different method of
mass determination (combining their astrometric orbits
with double-lined radial velocity amplitudes) for which
eclipses are not necessary to obtain the system inclina-
tion. For this reason in their sample many long-period
systems with low inclinations are present. The deriva-
tion of RVs for such binary systems is however much
harder due to lower amplitudes and severe blending of
the profiles. The latter was indicated by these authors
as the most probable cause of the problem. As in our
case the amplitudes are very high and the profiles are
not blended, we are confident that our measurements
are free from this potential problem.
For one system, for which we could determine the
temperatures we compared our results with evolutionary
models and found them to be consistent within uncer-
tainties. At least for this one system there is no strong
evidence for mass discrepancy as reported by several
authors before. However, we have to point out, that
because of the difficulty in determination of the redden-
ing, the error of the temperature determination is high
and more advanced spectral analysis will be necessary
to decrease the uncertainty. The same analysis will be
necessary for the second system for which we could not
determine a reliable temperature.
For one of the systems we have measured a dis-
tance modulus using the bolometric flux scaling method.
The obtained value, 18.47±0.15 mag, is in good agree-
ment with the recent LMC distance determination of
Pietrzynski et al. (2019) corrected for the non-central
position of the star in the galaxy (18.45 ± 0.03mag).
The precision of the radius determination from our
analysis is especially important for the main aim of our
project to use these systems to calibrate the surface
brightness – color relation and to make early-type bi-
nary systems a precise tool for distance determination
in the Local Group. Although it is not possible to cal-
ibrate this relation using results for only one system,
we checked that the recent calibration of Challouf et al.
(2014), partly based on VEGA/CHARA interferometric
measurements, is consistent with our measurements.
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We are going to calibrate the SBCR once we finish
the analysis of the rest of the systems and have 18 data
points in the blue part of this relation.
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